Second sound is an entropy wave which propagates in the superfluid component of a quantum liquid. Because it is an entropy wave, it probes the thermodynamic properties of the quantum liquid which are determined, e.g., by the interaction strength between the particles of the quantum liquid and their temperature. Here, we study second sound propagation for a large range of interaction strengths within the crossover between a Bose-Einstein condensate (BEC) and the Bardeen-Cooper-Schrieffer (BCS) superfluid. In particular, we investigate the strongly-interacting regime where currently theoretical predictions only exist in terms of an interpolation between the BEC, BCS and unitary regimes. Working with a quantum gas of ultracold fermionic 6 Li atoms with tunable interactions, we show that the second sound speed varies only slightly in the crossover regime. We gain deeper insights into sound propagation and excitation of second s ound by varying the excitation procedure which ranges from a sudden force pulse to a gentle heating pulse at the cloud center.
INTRODUCTION
Second sound is a transport phenomenon of quantum liquids that emerges below the critical temperature for superfluidity T C 1-3 . It was experimentally discovered 4 in 1944 in He II 5 and was described with a hydrodynamic two-fluid model 2,6-8 which treats He II as a mixture of a superfluid (SF) and a normal fluid (NF). The SF component has no entropy and flows without dissipation.
The NF component carries all the entropy and has non-zero viscosity. In the limit of vanishing temperature T → 0, the two-fluid model predicts that first sound (i.e. standard sound waves) correspond to a propagating pressure oscillation with constant entropy, while second sound is an entropy oscillation propagating at constant pressure 8 .
The properties of a superfluid naturally depend on parameters such as its temperature and the interaction strength between its particles. With the advent of ultracold quantum gases, with tunable interactions, these dependencies can now be studied. In particular, an ultracold fermionic quantum gas with a tunable Feshbach resonance offers a unique opportunity to access various sorts of superfluidity in one system, ranging continuously between a Bose-Einstein condensate (BEC) of bosonic molecules, a resonant superfluid, and a superfluid gas of Cooper pairs (BCS superfluid) [9] [10] [11] . In the experiment this is done by tuning the interaction parameter (k F a) −1 , where a is the scattering length, k F = √ 2mE F /h the Fermi wavenumber, E F is the Fermi energy and m the atomic mass.
A large range of thermodynamical properties of the BEC-BCS crossover has been studied e.g.
in refs. [11] [12] [13] [14] [15] [16] [17] [18] . Recently, second sound has been measured by Sidorenkov et al. 19 in a unitary Fermi gas and by Ville et al. 20 in a two-dimensional bosonic superfluid.
Here, we experimentally investigate how second sound changes across the BEC -BCS crossover. This is especially important, since full theoretical calculations are not yet available in the strongly interacting regime. Nevertheless, comparing our measurements to existing calculations and interpolations we find reasonable agreement. In particular, c-field simulations in the BEC regime match quite well the corresponding observed wave dynamics of the experiment up to an interaction strength of 1/k F a = 1.
Furthermore, we explore how to tune second sound generation by testing experimentally and theoretically various excitation schemes ranging from a gentle local heating of the superfluid to a short local force pulse. As second sound is mainly an entropy wave and first sound is mainly a pressure wave, these different excitation schemes give rise to different responses for first and second sound. This helps for separating the generally weak second sound signals from the first sound ones. We find, that this separation works especially well when both first and second sound are excited as density dip wavepackets. For this case, we were able to quantitatively compare the amplitudes of first and second sound and compare the results to a prediction.
RESULTS

Experimental details
Our experiments are carried out with a balanced, two-component ultracold gas of fermionic 6 Li atoms in the two lowest hyperfine states |F, m F = |1/2, ±1/2 of the electronic ground state. The gas is confined by a combined magnetic and optical dipole trap with a trap depth of U 0 ≈ 1 µK×k B , for details see Ref. 21, 22 . The trap is nearly harmonic and cylindrically symmetric with trapping frequencies ω r = 2π × 305 Hz and ω x = 2π × 21 Hz. The temperature and the particle density are controlled by evaporative cooling. In the experiments the temperature ranges approximately from
the geometric mean of the trapping frequencies and N is the total number of atoms. The scattering length a is tunable with an external magnetic field B via a magnetic Feshbach resonance at 832 G 23 .
To excite sound modes in the system, we focus a blue-detuned 532 nm laser onto the trap center (see Ref. 19 and Fig. 1a ). The laser beam is aligned perpendicularly to the optical dipole trap and produces a repulsive potential barrier of U ex ≈ 0.2U 0 . At its focus, the beam has a waist of about 20 µm, which is comparable to the cloud size in the radial direction. To excite sound waves, the height of this additional potential is modulated. The excited sound modes generally exhibit contributions from both first and second sound [24] [25] [26] . However, it is possible to generate preferentially either one of the two sound modes by adapting the excitation method.
To excite primarily first sound, we abruptly switch on the excitation laser beam (see Fig. 1b ), similarly as for the first experiments on sound propagation in a dilute BEC 27 . This applies pressure on the cold cloud on both sides of the laser beam and creates two density wave packets (see Fig.1c ) which propagate out in opposite directions along the axial trap axis with the speed u 1 . In the experiments we detect these waves with the help of absorption imaging by measuring the density distribution of the atomic cloud as a function of time. Figure 1d shows such density waves for an experiment at (k F a) −1 ≈ (1.91 ± 0.05), B = 735 G and a temperature of T = (140 ± 30) nK = (0.28 ± 0.06) T F , which corresponds to T = (0.71 ± 0.15) T C , where T C is the critical temperature. For the given interaction strength, we used T C = 0.4 T F (see Supplementary Note 1). Figure 1d is a time ordered stack of one-dimensional column density profiles of the atom cloud (see Methods for details). It shows the propagation of the sound waves along the axial direction x as a function of time. The two density wave packets propagate with first sound velocity from the trap center towards the edge of the cloud (two bright traces, marked with red arrows). To obtain the speed of sound, we examine how the center position of each wave packet changes with time. The center positions are determined via a Gaussian fit. From Fig.1d we obtain u 1 = (17.2 ± 3) mm/s near the trap center. Our analysis shows that the sound propagation slows down as the pulse approaches the edge of the cloud where the particle density decreases. In the following, we focus on the sound speed close to the trap center.
To primarily excite second sound, we sinusoidally modulate the intensity of the excitation beam for 7 ms with a modulation frequency of ω ex = 2π × 570 Hz ≈ 2ω r and a modulation amplitude of ∆U ≈ 0.2U 0 . This parametrically heats the gas in radial direction (see Fig. 1b ). Subsequent thermalization via collisions occurs within a few milliseconds. This creates a local depletion of the superfluid density, filled with normal gas, forming a region of increased entropy (see Fig.1c ).
This gives rise to two wave packets which propagate outwards along the axial direction with the speed of second sound. Figure 1e shows corresponding experimental data where we measure the local density distribution as in Fig. 1d . The second sound wave appears here as a density dip (dark traces, marked with orange arrows). A clear indication that the dark trace corresponds to second sound is the fact that it vanishes at the Thomas-Fermi radius R T F ≈ 110 µm where the superfluid fraction vanishes. Second sound only propagates inside the superfluid phase.
Besides a second sound wave the excitation also produces a first sound wave (bright traces, marked with red arrows) which propagates faster than the second sound wave and travels beyond the Thomas-Fermi radius. The first sound wave is broader than in Fig. 1d , which can be mainly explained by the longer excitation pulse. To obtain u 2 we measure the time-dependent position of the minimum of each dark trace, which is determined via a Gaussian fit. For Fig. 1e we obtain u 2 = (5.1 ± 1.1) mm/s. simulations with the experimental results we choose the same values of (k F a) −1 and the same central density of the trapped gas as in the experiment. The theory value for u 2 is (5.7 ± 0.05) mm/s in agreement with the experimental value (5.1 ± 1.1) mm/s.
Interaction strength dependence of second sound
We now perform measurements of second sound in the range (−0.26 ± 0.04) < (k F a) −1 < (1.91 ± 0.05) of the BCS-BEC crossover. These are shown in Fig. 2 along with theoretical predictions. The second sound velocity u 2 is given in units of the Fermi velocity v F =hk hom F /m. Here, the Fermi wavenumber k hom F is determined from the peak density at the trap center k hom F = 3π 2 n 0 1/3 .
The blue dash-dotted line is a calculation from Ref. 24 , based on a hydrodynamic description in a homogeneous gas for the limiting cases of the BEC and the BCS regime, and unitarity. To connect these regimes, the results are interpolated across the crossover, bridging the range (k F a) −1 < 1.
The blue solid and the brown solid lines are our analytic hydrodynamic calculations which are valid in the BCS and BEC limit, respectively (see Supplementary Note 3). For comparison, we
show the results of the numerical c-field simulations (green squares), which agree with both, analytic description and experimental results. Despite the large error bars the measurements indicate an increase of u 2 when approaching unitarity from the BEC side, in agreement with the theoretical results.
In general, second sound can only propagate in the superfluid phase of the gas. It is therefore natural to ask how the superfluid density n s and the speed of second sound u 2 are related. This relation could, in principle, be derived from the equation of state. However the equation of state is unknown for the strongly interacting regime. Nevertheless, we can still get a handle on the relationship between n s and u 2 , by estimating the superfluid density for the regime of intermediate coupling, 1/k F a > 1.5, as follows. We carry out self-consistent mean-field calculations to determine the density distributions of the superfluid and the normal fluid for an interacting BEC in the trap (see Supplementary Note 4). As an important input into these calculations we make use of the Thomas-Fermi radius which we have measured in the second sound experiments (the measured Thomas-Fermi radii can be found in Supplementary Note 1). As an example, from the measurement at (k F a) −1 = (1.91 ± 0.05) we determine the peak superfluid fraction to be n s0 /n 0 = 0.98 close to the trap center at maximum density, where the local (k hom F a) −1 = (1.06 ± 0.05) and
for a homogeneous weakly-interacting BEC with a superfluid fraction close to unity the temperature would need to be T T hom C , according to n s /n = 1 − T /T hom C 3/2 . At unitarity, by contrast, the superfluid fraction reaches unity already at T /T hom C ≈ 0.55, as shown by Sidorenkov et al. 19 .
As expected, this comparison shows that for a given T /T hom C the superfluid fraction grows with interaction strength. 
Tuning the sound mode excitation
In the following we investigate how the superfluid gas responds to different excitation protocols [24] [25] [26] .
For this, we tune the excitation scheme, the excitation frequency and amplitude to gain additional insight into the nature of first and second sound.
In Fig. 3a we show the evolution of the system after a step pulse excitation at B = 735 G and ∆U = 0.3U 0 , in which both, first and second sound are excited. In contrast to the experiment in Fig. 1d , the laser beam is abruptly switched off -not on. As a consequence, the wave packets of both first and second sound now correspond to dips in the particle density. In Fig. 3b we show the density distribution for the time and position range indicated by the purple rectangle in Next, we study the response for first and second sound waves after exciting them with short sinusoidal modulation sequences, as shown in Figs. 4a-d, where (k F a) −1 = (1.91 ± 0.05). The modulation frequency is ω ex = 0.61ω r , so that parametric heating is somewhat suppressed and coupling to first sound is enhanced as compared to the experiment shown in Fig. 1e . The numerical simulations in Figs. 4b-d demonstrate how the excitation pattern produces a corresponding wave train of first sound. Once waves of first sound have propagated beyond the Thomas-Fermi radius they diffuse out and lose signal strength. The first sound wave train is always followed by a single dark second sound wave packet. The experimental data in Fig. 4a agrees quite well with the simulation in Fig. 4b . Notably, the diffusion of the first sound wave train is somewhat less strong than in the simulations. This descrepancy might be explained by the higher longitudinal trap frequencies used in the simulations which lead to a faster dispersion.
CONCLUSION
In conclusion, we have studied second sound propagation in an ultracold Fermi gas of 6 Li atoms across the BEC-BCS crossover for a range of different superfluidity at T = 0.7 T C . We find the second sound velocity to vary only slightly across the BCS-BEC crossover, which is in agreement with an interpolation of hydrodynamic theory 24 . In the BEC regime the results match numerical predictions based on c-field simulations.
Additionally, we investigate the response of the superfluid gas on various excitation pulse shapes, ranging from gentle local heating to an abrupt kick which allows for tuning waveform and amplitude of the sound modes. The responses of first and second sound are quite different, which hints at their different nature. We find that a particular useful excitation is a step wise excitation where both first and second sound propagate as density dips. With this scheme we achieve similar amplitudes for second and first sound and the second sound wave can be easily distinguished from the first one. In the future it will be useful to extend our measurements in the strongly interacting regime to a larger range of temperatures below T C . Since the second sound velocity is related to the local superfluid density, this measurement technique can help to construct the equation of state in the strongly interacting regime.
METHODS
Calculating ∆n from the density profiles
Each of the experimental sound propagation images in Figs. 1d-e, 3a, 4a is a time-ordered stack of one-dimensional column density profiles ∆n(x,t) of the atom cloud. A one-dimensional column density profile n(x,t) is produced as follows: For a given propagation time t after the sound excitation ended we take an absorption image of a cloud to obtain the density distribution n ex (x, y,t).
We integrate each absorption image along the y-axis to obtain a one-dimensional column density profile n ex (x,t). To reduce noise, we average 15 density profiles and obtainn ex (x,t). We repeat this procedure for an unperturbed cloud to obtainn(x). By subtracting the two density profiles from each other we obtain ∆n(x,t) = (n ex (x,t) −n(x))/n(0).
Data availability
The presented data are available from the corresponding author upon request.
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SUPPLEMENTARY INFORMATION
Supplementary Note 1: Temperatures to the measurements in Fig. 1 and Fig. 2 In this section we present the temperatures to the measurements shown in Fig. 1 and Fig. 2 (see table S1 ). We determine the temperatures by fitting a second order virial expansion of the density distribution at the wings of the cloud 22 . To compare the absolute temperature with T C for various interaction strengths we use values for T C as shown in figure S2 .
T C is not precisely known yet in the strongly interacting regime. In the limit of the BEC regime the BEC mean field model should give accurate values for critical temperature. Closer towards the resonance we expect the diagrammatic t-matrix calculation to provide quite good values 30 . For the range in between (0.5 < (k F a) −1 < 3) we linearly interpolate between both T C curves.
For the measurements on the BCS side we have compared our results with temperatures obtained from the approach in reference 31 , where the total energy and entropy of a cloud is measured for thermometry. We find reasonable agreement between the temperatures obtained from the two approaches.
Supplementary Note 2: C-field simulation method
Here we present our simulation method that is used to simulate sound mode dynamics in a condensate of 6 Li molecules on the BEC side. The system is described by the Hamiltonian Table S1 . Temperatures and Thomas-Fermi radii to the measurements presented in Fig. 2 (main text) .
The temperatures are given in nK as well as units of T F and T C . For expressing the temperature in units of T C we use an interpolated critical temperature curve (see fig. S2 ).
ψ andψ † are the bosonic annihilation and creation operator, respectively. The 3D interaction parameter is given by g = 4πa ddh 2 /M, where a dd is the dimer-dimer scattering length and M the dimer mass. The external potential V (r) represents the cigar-shaped trap V trap (r) = M(ω 2 ax x 2 + ω 2 r r 2 )/2. ω ax and ω r are the axial and radial trap frequencies, respectively. r = (y 2 + z 2 ) 1/2 is the radial coordinate.
To perform numerical simulations we discretize space with the lattice of 180 × 35 × 35 sites and the discretization length l = 0.5 µm, where l is chosen to be smaller than or comparable to the healing length ξ and the de Broglie wavelength λ . In our c-field representation we replace in Eq.
1 and in the equations of motion the operatorsψ by complex numbers ψ, see Ref. 28 . We sample the initial states in a grand-canonical ensemble of temperature T and chemical potential µ via a classical Metropolis algorithm. We obtain the time evolution of ψ using the equations of motion.
We calculate the observables of interest and average over the thermal ensemble. We use the trap frequencies (ω ax , ω r ) = 2π × (70 Hz, 780 Hz), which are higher than those in the experiments.
The reason for choosing higher ω ax , ω r is that we need to keep the effective total lattice size small enough to be able to carry out the numerical calculations. The scattering length a dd and the trap central density n 0 are the same as the experiments. a dd varies in the range a dd = 720 − 1650a 0 , where a 0 is the Bohr radius, and n 0 in the range n 0 = 8.2 − 11.2 µm −3 . This results in a cigarshaped cloud of N = 4.0 × 10 4 − 4.5 × 10 4 6 Li molecules. The temperature varies in the range T = 240−280 nK or T /T c = 0.4−0.6, where k B T c ≈ 0.94h(ω ax ω 2 r N) 1/3 is the critical temperature of a noninteracting gas.
To excite sound modes we add the perturbation H ex (t) = drV (r,t)n(r), where n(r) is the density at the location r = (x, y, z). The excitation potential V (r,t) is given by
where V 0 (t) is the time-dependent strength and σ is the width. The location x 0 , z 0 are chosen to be the trap center. We excite sound modes following the scheme used in the experiment, where σ and V 0 are chosen such that the changes in the local density due to the excitation potential are the same as in the experiment. We calculate the density profilen ex (x,t), which is integrated in the radial direction. For sound propagation we examine ∆n(x,t) = n ex (x,t) −n(x) /n(0), wheren(x) is the density profile of the unperturbed cloud integrated in the radial direction andn(0) is the maximum density.
The time evolution of ∆n(x,t) shows excitation of second sound identified by a vanishing sound velocity at R T F . We fit the density profile with a Gaussian to determine the second sound velocity u 2 at the trap center. We note that u 2 changes only negligibly compared to the experimental errorbars for the temperatures in the range T /T c = 0.5 − 0.7.
Supplementary Note 3: Analytic description of the sound modes
In the following we present an analytic description of first and second sound based on the two-fluid hydrodynamic model for a uniform gas. The total density n of the gas is a sum of the superfluid n s and normal fluid density n n . The first and second sound mode squared velocities are given by 32
where c 2 T = 1/M(∂ p/∂ n) T and c 2 2 = n s s 2 T /(n n c V ) representing the isothermal and entropic sound velocities, respectively. p is the pressure, s the entropy per unit mass, T the temperature, and c V = T (∂ s/∂ T ) n the heat capacity per unit mass. The quantity c 2
couples the sound velocities c 2 and c T , where c 2 S = 1/M(∂ p/∂ n) s corresponds to the adiabatic sound velocity. The decoupled sound modes in the limit of vanishing T are
Here, first and second sound can be described as a pressure and entropy wave, respectively. To determine the second sound velocity u 2 , we calculate the entropy and the normal fluid density defined as
and
respectively 32 . f k = 1/ exp(E k /k B T ) ∓ 1 is the thermal occupation number, where E k is the excitation energy and k the wavevector. The upper and lower sign correspond to a Bose and Fermi gas, respectively.
A. BEC
We use the Bogoliubov theory, valid in the dilute limit, to analyze the regime k B T < gn, where gn is the mean-field energy. The Bogoliubov spectrum is given by E k = ε k (ε k + 2gn), where ε k =h 2 k 2 /(2M) is the free-particle spectrum. M is the molecular mass. To examine the decoupled modes in Eq. 4 we approximate E k by the linear spectrum E k ≈hck, where c = gn/M is the Bogoliubov sound velocity. We obtain the entropy and the normal fluid density, respectively,
and n n = 2π 2 45
The entropy per unit mass is s = S/(NM) = gn n /(MT ) and the heat capacity per unit mass is
Within upper description we can deduce following sound speeds
Here, u 2 is u 1 / √ 3. This result is only valid at zero temperature, see Fig. S1a , where we show the full numerical solutions of Eq. 3 using the Bogoliubov description.
For k B T > gn instead we make use of a thermal gas description to determine s, c V , and n n , which are given by s = 2.568k B n n /(2Mn), c V = 3s/2, and n n = n(T /T C ) 3/2 , respectively 32 . In our experiments on the BEC side k B T /gn ranges from 1.9 to 3.2 which allows us to apply the thermal gas description.
In this regime, solving eq. 3 the sound velocities read,
u 2 is proportional to n s /n and can be approximated by u 2 = 1 − (T /T C ) 3/2 gn/M (see Fig. S1a ).
Sound amplitudes
Besides the sound velocity, our analytic description can be used to determine the amplitudes of the propagating sound modes, described as 25 δ n(x,t) = W 1 δñ(x ± u 1 t) +W 2 δñ(x ± u 2 t).
where δñ(x,t) is the density variation created by the excitation potential. δñ(x ± u 1/2 t) represent wave packets of first and second sound with weights W 1/2 . The relative weight is given by
We determine W 2 /W 1 by numerically solving Eq. 3 for the regimes k B T < gn and k B T > gn using the Bogoliubov and thermal gas description, respectively.
We show these results in Fig. S1b . The Bogoliubov description of the weight works only for k B T gn. We note that at higher temperatures terms beyond Bogoliubov are needed to account for the thermal damping of the modes. The Bogoliubov description thus leads to an overestimation of the weight at high temperatures. For temperatures above the mean-field energy the weight is described by the thermal gas description, which we use to estimate the relative weight of the two modes in the main text. Please note that the thermal description gives unphysical solutions for k B T /gn → 1. Here, c is the Bogoliubov sound speed introduced in the text. b, shows the relative weight W 2 /W 1 for k B T < gn (blue line) and k B T > gn (red line).
B. BCS
A condensate of an interacting Fermi gas is described by the BCS spectrum E k = ξ 2 k + ∆ 2 , with ξ k =h 2 k 2 /(2m) − µ, where µ is the chemical potential and ∆(T ) the gap. At low k B T ∆,
we use µ ≈ E F and expand ξ k near the Fermi surface, i.e. ξ k =h 2 k 2 /(2m) − E F ≈hv F |k − k F | (see Ref. 33 ). The entropy in Eq. 5 results in
with
which is the gap at zero temperature 34 . With Eq. 12 we determine s = S/(mN tot ) and c V . The normal fluid density in Eq. 6 gives
Using s, c V , and n n in Eq. 4 we obtain the second sound velocity
which is valid for T < T C . The BCS critical temperature is given by k B T C = (γ/π)∆ 0 = 0.567∆ 0 , which depends on the interaction parameter (k F a) −1 . We show in the main text the result u 2 at various interactions on the BCS side (see Fig. 2 ). u 2 vanishes at zero temperature contrary to the BEC superfluids. We note that this result is consistent with Ref. 24 . 
Supplementary Note 4: BEC mean-field model
To estimate the density distribution of a partially Bose condensed cloud in the BEC regime we carry out a self-consistent calculation where the condensate phase is treated within the Thomas-Fermi approximation and for the normal phase we use a standard thermodynamical approach.
Specifically, we solve the following set of coupled equations 35 n s (r) = µ s −V ext (r) − 2gn n (r) g Θ (µ s −V ext (r) − 2gn n (r)) (16) n n (r) = 1
Here, λ dB is the thermal deBroglie wavelength, g = 4πh 2 a dd /M is the coupling constant, T is the temperature and V ext (r) is the external potential consisting of the harmonic trapping potential and the repulsive potential of the excitation beam, µ s and µ n are the chemical potentials of the superfluid and the normal fluid part, respectively. For the calculation we set µ n = min[V ext (r) + 2gn s (r) + 2gn n (r)] which ensures that the normal gas reaches the critical density n n,crit = Li 3/2 (1)/λ 3 dB at the Thomas-Fermi radius. This way, the number of normal fluid atoms is fixed. µ s is chosen such that the total atom number matches the experimental value. 
